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The exposure to heavy charged particles represents a significant risk to the central nervous
system. In experiments with rodents, the irradiation with heavy ions induces a prolonged
deficit in hippocampus-dependent learning and memory. The exact nature of these vio-
lations remains mostly unclear. In this regard, the estimation of radiation effects at the
level of single neurons is of our special interest. The present study demonstrates the re-
sults of comparative calculations that are performed to clarify the early physical events in
single neurons under the exposure to accelerated 12C and 56Fe ions with different pa-
rameters. Using the Geant4-based Monte Carlo simulations, the radiation effects are
considered in terms of energy and dose deposition. The spatial patterns of energy and dose
depositions within a single neural cell are produced. As additional characteristics, the
spectra of the specific energy and energy imparted are estimated. Our results show that the
cell morphology is an important factor determining the accumulation of radiation dose in
neurons under the exposure to heavy ions. The data obtained suggest a possibility of ra-
diation damage to synapses that are considered to play an important role in radiation-
induced violations of hippocampus-dependent learning and memory.
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Within the last few years, radiation damage to the central
nervous system (CNS) has become an increasingly important
field of research for two major reasons. First one is repre-
sented by the ongoing preparation of deep-space manned
flights. For these missions, the prediction of the health risk
from space radiation is one of the crucial tasks. The second
reason is determined by the estimation of possible side effects
of brain cancer therapy with hadron beams.
Recent findings suggest that the exposure to space radia-
tion could be a significant limitation to human traveling
beyond the Earth's magnetosphere. In contrast to the delayed
consequences of radiation exposure (cancer, cataracts, cyto-
genetic disturbances, a decrease in lifespan, etc.), CNS risk
may affect the performance and astronauts' health directly in
flight. The effects which can arise during themission embrace
altered cognitive function, including detriments in short-term
memory, reduced motor function, and behavioral changes.
Late CNS violations may be represented by a variety of
neurological disorders such as accelerated aging, Alzheimer's
disease and other cognitive impairments (Cucinotta, Alp,
Sulzman, & Wang, 2014; Machida, 2009). At the present, the
mechanisms behind thesemalfunctions aremostly unknown.
The most harmful factors of space radiation risk are the
galactic cosmic rays (GCRs) and solar particle events (SPEs).
Both GCRs and SPEs are composed of high-energy protons,
alpha-particles, and a relatively small amount of high-Z and
energy (HZE) particles (Cucinotta, Townsend, Wilson,
Golightly, & Weyland, 1994; Kim et al., 1999; NCRP, 1989;
Townsend, Cucinotta, Wilson, & Bagga, 1994; Wiebel, 1994).
GCR energies range from less than 10 MeV/u to above
10,000 MeV/u with median energies inside tissue of about
1500MeV/u for HZE components and several hundredMeV for
protons and helium nuclei (Cucinotta et al., 2014). SPEs are of
much lower energy than GCRs and occur at more modest
dose-rates. Spacecraft shielding is an effective countermea-
sure to SPEs, but not to HZE particles of GCRs. Although HZE
nuclei constitute a modest part of the total physical radiation
dose, they are a large component of the biological radiation
dose, due to their high linear energy transfer (LET) and a more
complicated energy deposition pattern.
On the other hand, radiotherapy of brain tumors is another
potential risk of functional violations in the CNS. A number of
documented evidences reviewed in (Cucinotta, Wang, & Huff,
2009; Cucinotta et al., 2014) suggest neurological complica-
tions associated with cancer therapy employing ionizing ra-
diations. In this regard, radiotherapy with heavy ions (for
example 12C, as the most widespread) represents a major
jeopardy due the high relative biological effectiveness (RBE) of
these particles (Schardt, Elsasser,& Schulz-Ertner, 2010;Wang
et al., 2005; Yasuda et al., 2011).
The particle traversals to neurons are the initial events of
radiation damage to the CNS. In several papers we found es-
timations of total number of particle-track traversals per
neural cell during space missions (Cucinotta, Nikjoo, &
Goodhead, 1998; Curtis et al., 1998; Gauger, Tobias, Yang, &
Whitney, 1986; Yasuda, Komiyama, & Fujitaka, 2001). Fewer
data pieces, however, are available on patterns of HZE particleenergy deposition inside individual neurons. Except the pre-
liminary Monte Carlo calculations made by Alp, Limoli, and
Cucinotta (Cucinotta et al., 2014), we didn't observe any at-
tempts in this filed. Many of the previous microdosimetric
simulations and measurements, investigating the radiation
response over the simplification of cell model (i.e., usually
spheres or cubes), have not modeled the shape, size, or com-
plex cell structures (Latocha et al., 2007; Palajova, Spurny, &
Davı´dkova, 2006; Rollet et al., 2011). The present paper pro-
vides several examples of energy deposition simulations in
neurons irradiated by 12C and 56Fe ions with energies, corre-
sponding to the maximal GCR differential flux. For this pur-
pose, the Monte Carlo-based microdosimetric technique is
used together with a precise simulation of the neural cell
morphology.
In our work, pyramidal neurons of the CA1 hippocampal
field are selected for the analysis. The hippocampus itself
represents a brain area which is frequently associated with
radiation-induced impairments in cognitive functions
(Bannerman et al., 2014; Britten et al., 2012; Machida, 2009;
Rola et al., 2008; Rudobeck, Nelson, Sokolova, & Vlkolinsky´,
2014). The activity of CA1 field is thought to be essential for
spatial learning andmemory, i.e. for those CNS functions that
are highly disturbed by irradiation with HZE particles.2. Materials and methods
2.1. Neuron morphology
Typically, neuron cells are composed of a cell body (soma),
axon, and a dendritic tree. A soma contains the cell nucleus
and all of the other organelles that are needed to keep the cell
functioning. An axon is a long fiber, sometimes branched,
which arises from the soma and extends for a long distance up
to 1 m in humans. Dendrites are thin appendages that also
arise from the soma and get narrower as they extend further
away from the cell body. Dendrites are much shorter than
axons. They can extend for hundreds of micrometers
branching and forming a complicate dendritic tree. The latter
includes thousands of dendritic spines which are tiny com-
partments that protrude from the dendrites and form the
post-synaptic compartment of synapses.
In order to simulate the morphology of a CA1 hippocampal
neuron, the original data from NeuroMorpho.Org data-base
(Ascoli, 2006; Carnevale, Tsai, Claiborne, & Brown, 1997) is
employed. The pyramidal neuron of an adult Sprague-Dawley
male rat (cell ID: NMO_00445; neuron name: 5038804) is
selected for the analysis. The major morphological parame-
ters of this cell are presented in Table 1. According to our
calculations, individual components of the neuron are simu-
lated by spherical and cylindrical volumes. In so doing, the
soma is represented by combination of several spheres, while
the dendritic tree is described with combinations of cylinders
(Fig. 1). The sphere diameters within the soma area are ranged
from 3.6 to 13.52 mm. The diameters and lengths of the cylin-
ders simulating dendrites are in the ranges of 0.9e4.96 mmand
1.35e22.56 mm, respectively. In our spatial model, 9 spheres
and 2224 cylinders are used. Since the neural cell selected for
Table 1 e Major morphological parameters of the
pyramidal neuron ID:NMO_00445 (neuron name
5038804), as it is presented in the NeuroMorpho.Org data-
base (Ascoli, 2006; Carnevale et al., 1997).
Parameter Value
Total surface 54.77  103 mm2
Total volume 20.92  103 mm3
Soma surface 0.18  103 mm2
Number of branches 171
Number of bifurcations 84
Overall width 219.18 mm
Overall height 681.26 mm
Overall depth 133.34 mm
Average diameter 1.48 mm
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sentation for this component.2.2. Microdosimetric calculations
For the purpose of simulating the energy deposition inside the
neuron traversed by a HZE particle, the coordinates of cell
components are translated from the SWC file format of
NeuroMorpho.Org data-base and imported into the Geant4
simulation toolkit (version 9.5), capable to simulate HZE par-
ticle track structures (Agostinelli et al., 2003; Allison et al.,Fig. 1 e Three-dimensional projection of the rat CA1
hippocampal neuron combined with six tracks of 12C ions.
The topological data on neuron morphology is taken from
the NeuroMorpho.Org data-base (Ascoli, 2006; Carnevale
et al., 1997). The cell ID is NMO_00445; the neuron name is
5038804.2006). A standard microdosimetric technique implemented
in this toolkit is applied to the neuron model composed of
various segments (i.e., spheres and cylinders). For the posi-
tioning and rotation of neuron segments, we have written the
daughter-class script using a special parameterization class
named G4VPV Parameterisation (Geant4 Virtual class for
Parameterized Volumes). It allows each segment to be
different not only in position and rotational angle, but in
material, size, and shape as well. To avoid an overestimation
of the neuron volume, a special procedure is created to check,
whether any of the segments overlapped or not. For this
purpose the Boolean operators are used in the parameteriza-
tion class. If overlapping segments are detected, one of the
intersecting areas becomes disabled.
The trajectories of HZE particle tracks are simulated in
800  300  200 mm box of 48  106 mm3 volume filled with
liquid water. The liquid water is also used as the intracellular
medium of the neuron placed in the same box (Fig. 1).
Ourmicrodosimetric calculations estimate the distribution
of the energy deposits 3i(x, y, z) at the spatial coordinates x, y,
and z of each particle track traversing the pyramidal neuron.
This distribution enables to obtain stochastic quantities such
as the energy imparted and specific energy (ICRU, 2011). Both
quantities are connected with the relative biological effec-
tiveness (RBE) of HZE particles (Okamoto et al., 2011; Schmid&
Schrader, 2007).
The energy imparted, 3, is the sum of all energy depositions
to the mater in a given volume, defined as 3 ¼P
i
3iðx; y; zÞ.
Using this quantity, the amount of radiation energy imparted
to a segment of pyramidal neuron of the mass dmi can be
defined as the absorbed dose, D, given by
D ¼ d3i=dmi: (1)
In Eq. (1) mi ¼ r$vi where r is the liquid water density which
equals to 1 g/cm3, and vi is the i-th segment volume. d3i defines
the mean energy imparted by ionizing radiation to a segment.
In addition to the absolute values of absorbed dose and energy
imparted, we also introduce the mean values of these quan-
tities. In this regard, the mean absorbed dose, D, and mean
energy imparted, 3, are defined, respectively, as
D ¼ D=N0 and 3 ¼ 3=N0: (2)
Here, N0 is the total number of particles traversing the water
box.
The energy imparted can be used to determine the specific
energy, z, which is the quotient of 3 by m, assuming m as the
mass of matter to which the energy is delivered. In our anal-
ysis, the specific energy is calculated for the total volume of
the selected pyramidal neuron possessing the mass M as
z ¼ 3=M; (3)
where M ¼ r$V and V is the total neuron volume.
In addition to the specific energy itself, the spectrum of
specific energy is estimated as well. It is described as the
frequency-mean specific energy, zF, and dose-mean specific
energy, zD, which are obtained by the following formulas:
zF ¼
Z
zfðzÞdz and zD ¼
Z
z2fðzÞdz

zF: (4)
In Eq. (4) f(z) is the frequency function of the specific energy.
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estimation of the lineal energy, y, is performed and the results
are compared with works by other authors. According to
(ICRU, 2011), y is the quotient of 3S by l, where 3S is the energy
imparted to the matter in a given volume by a single energy-
deposition event and l is the mean chord length of that vol-
ume, therefore
y ¼ 3S
.
l: (5)
The frequency-mean lineal energy is the expected value of
the lineal energies per single event taking into account all the
secondary electrons produced by the primary events and all
their interactions in the medium. It is given by
yF ¼
Z
yfðyÞdy; (6)
where f(y) is the lineal energy distribution function.2.3. Ion beam parameters
The unique patterns of energy depositions that occur
within the CA1 pyramidal neuron are simulated by merging
neuron spatial model and Monte Carlo models of HZE
particle tracks. For this purpose, the tracks of 12C and 56Fe
ions are simulated by using the beam parameters of several
real experiments. In the present work, beam entrance pa-
rameters listed in Table 2 are taken from or calculated on
the basis of experimental data produced at the Nuclotron of
Joint Institute for Nuclear Research (Dubna, Russia)
(Matveeva et al., 2013), Heavy Ion Medical Accelerator
(HIMAC) of National Institute of Radiological Science (Chiba,
Japan) (Imaoka et al., 2007; Wang et al., 2007), and Alter-
nating Gradient Synchrotron (AGS) of Brookhaven National
Laboratory (Long Island, New York, USA) (Huang, Smith,
Cummings, Kendall, & Obenaus, 2009; Rabin, Joseph, &
Shukitt-Hale, 2003; Sanchez, Nelson, & Green, 2010;
Shukitt-Hale, Casadesus, Cantuti-Castelvetri, Rabin, & Jo-
seph, 2003).
The particle tracks produced by the Geant4 Toolkit are
oriented parallel with Z axis, as it is shown in Fig. 1. The total
number of particles traversing the water box, N0, is calculated
using the fluence values from the mentioned experimental
data. The distribution of the particle tracks within the XY
plane of the box is set randomly. The area of the XY projec-
tion is estimated to be 2.34  103 cm2. The targeting prob-
ability of radiations, Ptarg, is calculated as the quotient of Ntarg
by N0, where Ntarg is the number of particles traversing the
neuron.Table 2 e Parameters of the ion beams used in microdosimetr
Particle Energy,
MeV/u
Dose, Gy Fluence, 106
particles/cm2
LET
12C 500 1.0 61.2
12C 290 0.2 9.8
12C 290 2.0 96.3
56Fe 1000 1.0 4.2
56Fe 600 0.5 1.82.4. Physics processes
In the present study, physics processes are represented as a
natural extension of an electromagnetic model for radiobi-
ology studies described elsewhere (Villagrasa, Francis, &
Incerti, 2011). The tracks of primary 12C and 56Fe ions are
simulated taking into account ionization processes. The sec-
ondary electronswith energies between 20 eV (i.e., extendable
down to 0.025 eV) and 1 MeV are produced considering the
ionization, elastic scattering, excitation (electronic and
vibrational ones), and dissociative electron attachment. If the
energy of electrons is greater than 1 MeV, we use the multiple
scattering and ionization process from the “Geant4 Standard
EM Physics” sub-library. These physical processes simulate
direct radiation effects in the CA1 pyramidal neuron within
1018e1015 s. The indirect effects occurring through the free
radical formation are not considered in this study.3. Results
3.1. Energy and absorbed dose distribution inside a
targeted neuron
Figs. 2 and 3 show the spatial distributions of mean energy
imparted and absorbed dose, respectively, inside the single
CA1 pyramidal neuron traversed by 12C and 56Fe particles with
different physical parameters. The plots depict five XY pro-
jections of energy and dose deposition patterns that corre-
spond to irradiationwith ion beamsmentioned in Table 2. The
accumulation of energy and radiation dose is appeared only
inside the neuron. The distribution outside the cell is skipped.
Higher values of the energy imparted and absorbed dose are
depicted by “hotter” color-map areas that correspond to colli-
sions resulting from the direct 12C and 56Fe particle traversals.
The neuron segments receiving lower energy and dose are
represented by “colder” areas arising predominantly as a
consequenceof secondaryelectron (i.e., delta ray) interactions.
As may be seen from Figs. 2 and 3, the irradiation by 56Fe
ions leads to the large number of events with very high values
of the energy imparted and absorbed dose. The areas of
maximum energy and dose deposition correspond to the or-
ange and red zones in Figs. 2d, e, 3d, and e. Zones like these are
practically absent in the case of 12C ions (Figs. 2aec and 3aec)
due to lower particles' LET.
3.2. Verification of microdosimetric calculations
Before estimation of stochastic quantities and their distribu-
tions, our microdosimetry calculations were verified againstic calculations.
, keV/mm N0 Ntarg Ptarg,% Accelerator
facility
10.6 137067 11538 8.42 Nuclotron
13.0 21900 2058 9.40 HIMAC
13.0 215800 20820 9.65 HIMAC
150.0 9400 3395 36.12 AGS
175.2 4020 1587 39.48 AGS
Fig. 2 e Spatial distribution of the mean energy imparted within the CA1 pyramidal neuron of the rat hippocampus (XY
projection). Ion beam trajectories are directed along the Z-axis (perpendicular to the XY plane). The mean energy imparted,
3, is indicated as a color-map and expressed in eV. The calculations are performed for irradiation with a) 1 Gy of 500 MeV/u
12C ions; b) 0.2 Gy of 290 MeV/u 12C ions; c) 2 Gy of 290 MeV/u 12C ions; d) 1 Gy of 1000 MeV/u 56Fe ions; e) 0.5 Gy of 600 MeV/u
56Fe ions. The accumulation of the energy imparted is shown only inside the neuron. The energy distribution outside the
cell is skipped.
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(2012). Fig. 4 shows the results of our simulations for carbon
ions of different LET in 1 mmdiameter sphere filled with liquid
water. The curves produced in the presentwork are consistent
with those obtained by Francis et al. (2012). It gives a reason to
believe that the basic principles of our microdosimetric cal-
culations are correct.
3.3. Distributions of stochastic quantities
Fig. 5 provides the graphs of energy imparted distributions
observed within a single pyramidal neuron under exposure to
the mentioned ion beams. This data can be presented as the
frequency function f(3) versus the energy imparted itself. Zero
values of f(3) are excluded from the analysis. In these plots,
discrete data sets are approximated by polynomial functions
f(3) ¼ a0 þ a13 þ a232 þ a333 þ a434 þ a535 þ a636 with theparameters stated in Table 3. These functions are the down-
ward and double-shaped curves that have maxima (peak) and
minima (trough). The positions of peaks and troughs depend
on physical parameters of ion beams. In the case of 12C,
minima of the continuous functions are observed at 79 keV for
0.2 and 2.0 Gy of 290 MeV/u ions and 59 keV for 1 Gy of 500
MeV/u ions. Maxima are detected at 134 keV (0.2 Gy, 290 MeV/
u), 138 keV (2.0 Gy, 290 MeV/u), and 101 keV (1 Gy, 500 MeV/u).
Comparison between data for 0.2 and 2 Gy of 290 MeV/u car-
bon ions shows a difference in the energy deposition patterns
resulting from 10-times increase in radiation dose (Fig. 5a).
The significant change is revealed only in the curve amplitude.
The shift of curves in relation to the energy imparted is not
observed. As for the 56Fe particles, positions of troughs are
calculated to be at 883 and 786 keV for 600 and 1000 MeV/u
ions, respectively. Peaks are observed at 1705 keV (600 MeV/u)
and 1375 keV (1000 MeV/u).
Fig. 3 e Spatial distributionof theabsorbeddosewithin theCA1pyramidalneuronof the rathippocampus (XYprojection). The
ionbeamtrajectoriesaredirectedalong theZ-axis (perpendicular to theXYplane). Themeanabsorbeddose,D, is indicatedasa
color-map and expressed in mGy. Calculations are performed for irradiation with a) 1 Gy of 500 MeV/u 12C ions; b) 0.2 Gy of
290 MeV/u 12C ions; c) 2 Gy of 290 MeV/u 12C ions; d) 1 Gy of 1000 MeV/u 56Fe ions; e) 0.5 Gy of 600 MeV/u 56Fe ions. The
accumulation of radiation dose is shown only inside the neuron. The dose distribution outside the cell is skipped.
Fig. 4 e Lineal energy spectra of 12C ions calculated in 1 mm
diameter sphere and for different LET values which are
displayed on the plot.
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ions are represented as discrete values of the function z f(z)
(Fig. 6). In the case of 12C particles, the maxima of z f(z) are
observed at 0.05 mGy (500 MeV/u, 1 Gy), 0.06 mGy (290 MeV/u,
2 Gy), and 0.08 mGy (290 MeV/u, 0.2 Gy). Irradiation with 56Fe
ions results in the shift of maxima towards the higher values
of specific energy equaling to 1.1 mGy (1000 MeV/u, 1 Gy) and
1.3 mGy (600 MeV/u, 0.5 Gy).4. Discussion
In the present work the Monte-Carlo simulation technique is
used to estimate unique energy deposition patterns in a single
neural cell under exposure to HZE particles. For the analysis,
ion beams with characteristics comparable to GSR spectra are
selected. More precisely, the parameters of the particles are
chosen as in realistic ground-based experiments with animals
Fig. 5 e Distributions of non-zero energy imparted values in the single CA1 pyramidal neuron under exposure to 12C (a) and
56Fe (b) ion beams. The discrete data sets are approximated by the polynomial functions
f(3) ¼ a0 þ a13 þ a232 þ a333 þ a434 þ a535 þ a636 with the parameters presented in Table 3.
Table 3 e Parameters of the function f(3) ¼ a0 þ a13 þ a232 þ a333 þ a434 þ a535 þ a636 approximating the calculated energy
imparted distributions.
Parameter Value
12C, 290 MeV/u,
0.2 Gy
12C, 290 MeV/u,
2 Gy
12C, 500 MeV/u,
1 Gy
56Fe, 1000 MeV/u,
1 Gy
56Fe, 600 MeV/u,
0.5 Gy
a0 1.04487 0.12778 0.26236 0.63883 1.05872
a1 1.04487 0.00775 0.02338 0.00831 0.00184
a2 0.00124 0.00286 0.00393 1.13135  106 1.54091  105
a3 2.63634  105 5.85926  105 1.08149  104 1.00013  108 2.39278  108
a4 1.65337  107 4.71263  107 1.10194  106 7.81692  1012 1.19133  1011
a5 3.35509  1010 1.72753  109 4.9239  109 1.6648  1015 1.93842  1015
a6 0.0 2.42722  1012 8.14525  1012 0.0 0.0
Fig. 6 e Specific energy spectra in the single CA1 pyramidal neuron under exposure to 12C (a) and 56Fe (b) ions.
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gard, our calculations may help in establishing a link between
radiation damage at the level of a single neuron and certain
cognitive impairments.
The selection of thehippocampal neurons aremotivated by
increasing the body of experimental findings supporting the
key role of the brain structure in radiation-induced cognitive
impairments. In rodents the hippocampus is responsible
mainly for the short and long-term memory, spatial memory
and navigation. These CNS functions are observed to change
after exposure to HZE nuclei (Cucinotta et al., 2014). Pyramidal
neurons of the CA1 hippocampal region have a complicated
spatial composition. The dendritic tree accumulates the
largest portion of energy compared to the soma. Therefore, the
patterns of energy and dose deposition within these neurons
are completely different from those in other cells that do not
possess such a complicated structure.
Hippocampus-dependent cognitive impairments are
observed at relatively low doses of HZE particles (0.4e2 Gy)
that do not lead to any significant perturbance of neuro-
genesis (Rola et al., 2004, 2005, 2008). These findings suggest
that observed CNS malfunctions can be a result of changes in
neurotransmission and synaptic plasticity (Machida, 2009;
Machida, Lonart, & Britten, 2010). Indeed, some experiments
with rodents revealed that heavy charged particles may alter
the long-term potentiation at CA1 synapses of the hippo-
campus (Vlkolinsky et al., 2007). In this regard, the patterns of
energy and dose deposition obtained in our study may also
suggest a possibility of radiation damage to synapses. Large
energy deposition in small volumes most likely enables HZE
nuclei to induce violations in the synaptic active zone.
Although the precise mechanism of radiation effects on syn-
apses is unknown, it can be hypothesized that synaptic
transmission may be disturbed via overproduction of free
radical species as well as direct interaction of charged parti-
cles with certain sensitive structures in the synaptic zone.
Further development of our simulation technique will permit
to estimate the yields of radiolytic species in a single neuron
and, in particular, in synapses.
In the present paper, we evaluated two microdosimetric
quantities that describe the results of the processes by which
particle energy is converted and finally deposited in matter.
For the analyses, we selected the energy imparted and specific
energy. Since the calculations are performed for relatively
thin structures, like dendritic tree segments, these quantities
are estimated in terms of their distribution. In the case of such
small targets, stochastic variations of a quantity would be
important for comprehensive understanding of energy depo-
sition patterns within a single neuron.
According to our calculations, the distribution of the en-
ergy imparted depends on number of particles traversing the
neuron as well as on type of ions and their kinetic energy. The
former of these two factors is determined mainly by the flu-
ence of particles, radiation dose and cell morphology. Mean-
while, the microdosimetric distribution of the energy
imparted to the cell determines the particles' RBE (Tunga, Liu,
Wang,&Chang, 2004). For that reason, the computation of this
stochastic quantity for neural cells may be essential for
revealing the effect of the neuron's complicate spatial struc-
ture on the RBE value.The abovementioned factors influence as well the specific
energy spectra. The knowledge of the specific energy distri-
bution corresponding to a certain absorbed dose can be
important, as in the irradiatedmass element the effects of the
radiation can bemore closely related to z than toD. The values
of z may differ greatly from D for small mass values, for
example, when certain components of a neural cell are
considered (ICRU, 2011).
Our microdosimetric calculations are verified against the
data by other authors who evaluated the lineal energy spectra
for HZE particles in a small sphere filledwith liquid water. The
similarity of the computed curves to the results by Francis
et al. (2012) proves the correctness of our simulation.
The results provided are of particular importance for the
problems of hadron beam therapy. In case of brain tumors, the
study of radiation damage to single neurons would be helpful
for revealing the factors determining the side effects of the
treatment. The estimation of dose deposition to neural cells
surrounding the treated area may be essential for the pre-
diction of further processes of neuron death and the devel-
opment of cognitive impairments. Finally, since CNS is one of
the most critical systems associated with the radiation dam-
age by HZE particles, the methods reviewed in this paper may
contribute to the ongoing studies on space radiation risk
assessment.
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